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We report the formation of a-SiC thin films via low-pressure chemical vapor deposition from
mixtures of dichlorosilane and dicholorethylene at 950 C. Pole figure x-ray diffraction (XRD)
analysis indicates that the films are composed primarily of highly c-axis out-of-plane textured
a-SiC polytype mixed with a smaller volume of highly textured b-SiC(111). Depending upon
temperature and source gas ratio, the residual film stress can be tailored from 350 to 200MPa.
Analysis of the x-ray diffraction data indicates that the intrinsic film stress is correlated to the
volume ratio of a-SiC to b-SiC. Stress modulation as a manifestation of carbon vacancy formation
and polytype mixing is discussed. Furthermore, a kinetic mechanism for low temperature a-SiC
formation is proposed based upon control of C/Si surface saturation. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4733967]
I. INTRODUCTION
SiC is a wide bandgap semiconductor known to assume
numerous polytypes. The most technologically important of
these are the hexagonal close-packed (a-SiC) polytypes with
a bandgap ranging from 2.9–3.3 eV and the cubic zinc-
blende structure (bSiC) polytype with a bandgap of
2.2 eV.1 In addition to the wide bandgap, SiC also exhibits a
high melting point, Young’s modulus, thermal conductivity,
electron saturation velocity, breakdown field, and chemical
stability.2 These attributes combine to make SiC an ideal
candidate for high power, high temperature, and harsh envi-
ronment electronic applications.3,4 For acoustic resonator
applications, SiC is touted for its high acoustic velocity and
low material damping.5,6 In order to fabricate viable resona-
tors or other SiC based microelectromechanical systems
(MEMS), film stress control is a critical aspect.7,8 To avoid
yield loss due to buckling, freestanding thin film structures
such as membranes and beams must exhibit a low level of re-
sidual tensile stress.
There are numerous reports in the literature on the depo-
sition of cubic 3C-SiC(111) (bSiC) from various precursor
gases at temperatures below 1000 C;4,9–14 however, a-SiC
formation has not been reported in this temperature range.
We report here on the fabrication of stress controlled a-SiC
thin films, at 950 C, via low-pressure chemical vapor depo-
sition (LPCVD) from mixtures of dichlorosilane (SiH2Cl2,
DCS) and trans1,2-dichloroethylene (C2H2Cl2, DCE). The
residual film stress is observed to vary monotonically from
200 to 350 MPa as a function of the gas mixture introduced
to the reactor. The presence of highly textured hexagonal
6H-SiC(006) is confirmed by x-ray diffraction (XRD)
pole-figure analysis. All of the films analyzed include a
subcomponent of either highly textured 3C-SiC(111) or
4H-SiC(004) that varies in concentration with the reactant
mixture. Modulation of the film stress resulting from varia-
tions in the polytype ratio is discussed, and a kinetic mecha-
nism based on controlling the C/Si surface saturation is
proposed to explain the observation of a-SiC formation at
low temperatures.
II. EXPERIMENT
The SiC films in this study were prepared by LPCVD on
150mm p-type Si(100) wafers with a resistivity range of
2–20 ohm-cm. The silicon source gas is DCS and carbon is
supplied by DCE. The film deposition is carried out at a tem-
perature and pressure (typical) of 950 C and 75 mTorr,
respectively. The polytype ratio and film stress are controlled
by varying the DCE and DCS gas flow, reported here as the
gas ratio, RT, which is equal to the ratio of the DCE flow to
the total (DCEþDCS) flow. The film deposition rate is
inversely proportional to RT, ranging overall from 2–4 nm/
min. X-ray photoelectron spectroscopy (XPS) indicates that,
regardless of process conditions (RT), the SiC films essen-
tially retain a 1:1 Si:C atomic ratio. To avoid HCl etch dam-
age to the Si(100) surface, a 20 nm SiC protective buffer
layer is initially deposited at 850 C with RT¼ 0.44. The
buffer layer exhibits a residual stress, rR¼ 500MPa, which
is thickness weighted and subtracted from the total film
stress to determine the rR for the 950 C SiC film constitu-
ent; on average, the correction for the buffer layer film stress
shifts the subject layer film stress less than 30 MPa relative
to the total residual film stress.
The in-plane residual film stress, rR, was measured by
the wafer curvature method, described in Ref. 15. The intrin-
sic stress, ri, was determined by subtracting the thermal
expansion mismatch stress (rth¼DaDT) from the residual
stress, ri¼rRDaDT, where Da is the difference in the
coefficient of thermal expansion between the film and sub-
strate. Because of slight differences in thermal expansion
between a-SiC and b-SiC,16 a for the film was determined
from a weighted average of the two polytypes assuming iso-
strain conditions.17 Over the observed range of values for
polytype ratio, Va, rth is found to vary only slightly, from
182 to 193MPa (tensile), where Va is defined below.
X-ray diffraction was performed on a Scintag PAD X
diffractometer employing a sealed-tube Cu x-ray source hav-
ing a 1mm pinhole incident-beam optic. The h h style go-
niometer was equipped with a texture-cradle (15 toþ 90
v, 0 to 360 /) for pole-figure measurement (where v is the
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tilt angle from surface normal and / is the spindle axis). The
diffractometer was equipped with a Ge solid-state point-de-
tector. Pole figure data sets were collected using 5 steps (v
range 0–80, /¼ 0–355). Defocusing corrections and inten-
sity vs. v-angle (Ivv) plots were made using an in-house MAT-
LAB program. Ivv plots were derived by taking the corrected
pole figure data and integrating the / intensities at a given v
angle to generate a one dimensional plot of measured inten-
sity for a given v angle. Pole figure plots were generated
using the program STEREOPOLE (ver. 1.0).18
III. RESULTS AND DISCUSSION
A. XRD analysis
Figure 1 shows the h 2h XRD scan for a SiC film de-
posited with RT¼ 0.464 (the same sample is shown in Figs.
2–5). Figure 1 shows only one diffraction peak over the
range of data collection, a peak at 35.6 2h. This SiC peak
could be indexed as any of the following hkl assignments:
2H(002), 4H(004), 6H(006)þ (102), or 3C(111). Previous
reports of CVD SiC deposition at temperatures below
1000 C all indicate the formation of the cubic polytype, 3C-
SiC(111).9–14 If the film sample is not strongly textured, the
cubic polytype can be identified in a straightforward fashion
by the observation of companion peaks characteristic to 3C-
SiC, namely the 3C(200), 3C(220), 3C(311), and 3C(222).19
In this work, the SiC polytype cannot be positively identified
from the solitary dominant peak in the h 2h scan due to the
fact that the 3C(111) and hexagonal (00‘) planes both pro-
duce reflections at 35.6 2h. Nevertheless, the lack of com-
panion peaks in the h 2h scan for either a cubic or
hexagonal polytype infers a strong out-of-plane film texture
of the deposited film. To better determine the polytype, pole
figure analysis has been employed.
Figure 2(a) shows the pole figure obtained at 35.6 2h
(d¼ 2.52 A˚). The strong central intensity, which drops off to
essentially background levels at v angles greater than zero, is
consistent with diffraction from either a hexagonal (00‘)
basal-plane or possibly that of the cubic b-SiC 3C(111).
Figure 2(b) shows the intensity distribution as the 1-
dimensional Ivv plot. If there were a strong presence of cubic
SiC in the film, the pole figure would also display additional
intensity at v¼ 70. In fact, there is a small increase in inten-
sity noted in Figure 2(b) that could indicate some cubic
structure in the film. In addition, one can detect a faint ring
of intensity at 70 v in the pole figure (see Figure 2(a)).
Figure 2(c) shows a 3D representation of the pole figure data
where the intensity is plotted on a log-scale to enhance the
low signal at 70 v. This figure better illustrates the
FIG. 1. Standard h 2h XRD scan for a SiC film deposited with
RT¼ 0.464. Only one diffraction peak is observed (35.6 2h) over the
range of data collection, suggesting a highly out-of-plane-textured film.
(a)
(c)
(b)
FIG. 2. (a) Pole figure contour plot collected for peak observed at 35.6 2h,
for RT¼ 0.464 sample. The pole figure may be indexed as a mixture of
6H(102)þ 6H(006)þ 3C(111) diffracted intensity. Superimposed scaling rings
are v¼ 15 steps. (b) Ivv plot derived from above pole figure data. (c) 3D pole
figure representation of 6H(102)þ (006) and 3C(111) scattered intensity plotted
using a log scale intensity to enhance the ring of intensity at v 70.
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scattering at these higher v angles as it shows a clear minima
of intensity at 45 v with gradual increase in intensity as v
is increased to 70 v tilt.
Indeed, further investigation is needed for clarification
of the SiC polytype, and the diagnosis is further complicated
by the possible presence of 2H, 4H, or 6H a-SiC. All of these
structures are hexagonal, but have different stacking sequen-
ces that result in different c-axis lengths for the unit cell. For-
tunately, the polytype 2H was quickly ruled out, because it is
typically uncommon, and there was an absence of pole figure
intensity for the 2H(102) peak (expected at 50 2h and
43 v tilt). For 6H-SiC, the 6H(006) and 6H(102) coincide
at 35.6 2h and the nature of the inter-planar angles dictates
that 6H(102) intensity should be observed at 70 v tilt from
the 6H(006) plane. Hence, the pole figure shown in Figure
2(a) has multiple interpretations. The possibilities are as
follows:
Model 1. A two-phase mixture of 4H and 3C polytypes.
This model demands a superposition of 4H(004) and 3C(111)
intensity that generates the central pole in Figure 2(a). The
additional weak ring of intensity observed at 70 v is strictly
due to the 3C form.
(a)
(c)
(b)
FIG. 3. (a) Pole figure contour plot for SiC 6H(103), for RT¼ 0.464 sample.
A strong ring of intensity is observed at v 62. Superimposed scaling rings
are v¼ 15 steps. (b) Ivv plot derived from above pole figure data. (c) 3D
pole figure representation of 6H(103) scattered intensity to illustrate the con-
tinuous outer-ring at v 62, with absence of central scattering intensity.
(a)
(c)
(b)
FIG. 4. (a) Pole figure contour plot for SiC 6H(100), for RT¼ 0.464 sample.
A strong ring of intensity is observed at the highest v angles. Superimposed
scaling rings are v¼ 15 steps. (b) Ivv plot derived from above pole figure
data. (c) 3D pole figure representation of 6H(100) scattered intensity to illus-
trate better illustrate the fast rise in scattered intensity as v approaches the
maximum measured tilt angle of 80.
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Model 2. Single phase 6H polytype. In this scenario, we
have strictly 6H SiC that is responsible for all the intensity in
the pole figure, both at the center as the 6H(006) and at the
70 v ring as 6H(102) in Figure 2(a).
Model 3. A mixture of 6H and 3C polytypes. This sce-
nario would assign some intensity for the central pole in Fig-
ure 2(a) and the 70 v ring to both of these phases.
Previous investigations suggest that the formation of 6H
is more common for the Si:C ratios employed during the syn-
thesis of these films, whereas 4H typically occurs at higher C
ratios.20 Additionally, as will be discussed later, the variation
in stress observed in these films strongly supports the pres-
ence of cubic SiC in addition to a hexagonal form. Hence,
for the purposes of discussion, we shall employ Model 3 and
the 6H(hk‘) designations for all subsequent discussion
regarding the hexagonal form of SiC present, keeping in
mind that we cannot definitively rule out the presence of 4H
coexisting within these film samples.
Considering Figures 3 and 4, one can confirm the pres-
ence of a-SiC. The hexagonal 6H(103) plane has an interpla-
nar angle of 62 to the hexagonal 6H(006) plane. Hence, if
the film is strongly c-axis oriented out-of-plane, we expect
and observe intensity at this v tilt angle relative to the surface
normal as shown by the strong ring of intensity in Figure
3(a) and a peak at 62 v in the Ivv plot shown in Figure
3(b). It is worth noting here that the presence of a continuous
ring as seen in Figure 3(a), rather than isolated spots of inten-
sity, confirms that the film has a fiber texture. That is, the
film displays strong out-of-plane preferred orientation for the
individual SiC crystallites, but there is no in-plane orienta-
tion preference for those same crystals. Figure 3(c) shows
the 3D representation of the pole figure data to show the
enhanced scattering at 62 v. Figure 4(a) shows a pole fig-
ure that only has intensity at the highest v angles. This pole
figure, obtained at 33.6 2h (d¼ 2.66 A˚), is exclusively hex-
agonal and indexes as the 6H(100). In truth, it could be
indexed as (100) for any of the 2H, 4H, or 6H polytypes as
they all have essentially identical a-axis dimensions. The im-
portant observation for Figure 4(a) is that diffracted intensity
is restricted to >70 v and the intensity continues to increase
as the edge of the pole figure is approached. With assignment
of the 6H c-axis as parallel to the surface normal of the film,
and noting that the a and c-axes are orthogonal for hexagonal
symmetry, one would expect 6H(100) intensity to be a maxi-
mum at v¼ 90. The texture cradle attachment cannot obtain
reliable data beyond 80v tilt, so it was not possible to con-
firm the continued rise in counts with increased v tilt, how-
ever, Figure 4(a) is completely consistent with the
assignment of a hexagonal form of SiC present in this film.
Figure 4(b) shows the Ivv plot for the 6H(100), again show-
ing rapidly increasing intensity at the highest measured v
angles. Figure 4(c) perhaps best illustrates the fast rise of in-
tensity as the x-ray beam approaches the parallel condition
with the SiC film.
Returning to the issue concerning the presence of cubic
SiC-3C in this sample, a pole figure was collected at 59.98
2h(d¼ 1.541 A˚) corresponding to the 3C(200) hkl. This
pole figure, given in Figure 5(a), shows a ring of intensity at
50 v tilt, and a peak at 50 to 55 v in the Ivv plot shown
in Figure 5(b). This is certainly consistent with b-SiC,
assuming that the b-SiC is 3C(111) out-of-plane textured,
which demands the 3C(200) intensity appear at 54 v tilt.
However, the 6H structure also has a peak in this location,
namely the 6H(104). Since all 3C SiC peaks overlap possible
reflections of the 6H SiC form, it is very difficult to quantify
the presence or absence of b-SiC when it occurs as a mixed
phase with 6H. However, in such cases, one can look for
other indications of the presence of the cubic form. For
example, relative changes in the diffracted intensity of
observed pole figures can provide useful information.
(a)
(c)
(b)
FIG. 5. (a) Pole figure contour plot for SiC 6H(104)þ 3C(200), for
RT¼ 0.464 sample. A weak ring of intensity is observed at v 45. Super-
imposed scaling rings are v¼ 15 steps. (b) Ivv plot derived from above
pole figure data. (c) 3D pole figure representation of 6H(104)þ 3C(200)
scattered intensity. This figure shows the weak nature of scattering from
these possible diffraction planes.
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In the case of 6H, the 6H(103) and 6H(104) peaks will
typically have relative intensities of 53% to 23%, respec-
tively, based on a normalized scaling.21 Given this fact, one
can establish a semi-quantitative assessment of the ratio of
a-SiC to b-SiC. We derive a new parameter (Va) by compar-
ing the integrated intensities of Ivv plots obtained from the
6H(103) and 6H(104) pole figures. Va is determined by the
quotient of the integrated intensity of the 6H(103) to the sum
of the 6H(103) and 6H(104) integrated intensities. For the
case of pure 6H, one would expect a Va value of [53/
(53þ 23)]¼ 0.70 as determined from the relative intensities
as cited above.21 If the film specimen contained a significant
portion of b-SiC, then the 3C(200) intensity would superim-
pose upon the 6H(104) and increase the overall weighting of
the Ivv plot, thus reducing the value to below 0.70. If the
value is in excess of 0.7, it could suggest that some 4H SiC
is present, since the 4H(102) is in an identical 2h location
and v tilt to that of the 6H(103), but the 4H form does not
have a corresponding reflection at 41.4 2h where the
6H(104) and 3C(200) peaks are found. A fully cubic 3C film
would have a Va of zero. A fully hexagonal 4H film would
have Va¼ 1.0. Accounting for potential superposition of the
integrated intensity for the affected diffraction peaks, Va
would take the quantitative form
Va ¼
½I6Hð103Þ þ I4Hð102Þ
½I6Hð103Þ þ I4Hð102Þ þ ½I6Hð104Þ þ I3Cð200Þ ; (1)
where In is the integrated intensity of the Ivv peak for a given
polytype and crystal plane (n), and peaks subject to potential
superposition are grouped together in brackets.
There are a few qualifications regarding the Va parame-
ter that need to be noted. First, Va is not a direct measure of
the volume fraction SiC. It is meant to be a semi-quantitate
(first order) indicator of the various polytypes present. To
obtain exact ratios of the existing polytypes would require a
much more detailed analysis, likely employing the use of
many characterization techniques. In addition, the Va ratio
should be applied only to textured films where the hexagonal
c-axis and cubic (111) planes for SiC polytypes display pos-
sible coincidence, such as is the case for the film samples
discussed in this paper, where both the hexagonal (00‘) and
3C(111) planes show strong out-of-plane preferred
orientation.
B. Stress modulation
Table I lists the estimated values for Va, determined
from a range of samples prepared with different gas ratios,
RT. In this study, Va ranges 0.62 to 0.79, indicating the sam-
ples are primarily 6H-SiC. The presence, or absence, of the
cubic phase in the films is inferred from, but not confirmed
by, the Va values. However, the stress behavior of measured
films does support the coexistence of hexagonal and cubic
phases at low Va, as detailed below.
Figure 6 reveals the dependence of the rR, ri, and the
polytype parameter, Va, on RT. The data of figure 6 indicates
that the film stress becomes more compressive and Va
increases as RT (i.e., the DCE flow) is increased. Both
measurements track a generally linear response to RT, indi-
cating a correlation between ri and Va. This correlation is
depicted graphically in Figure 7, where the intrinsic stress is
plotted as a function of Va.
Reported values for the residual film stress of 3C-SiC
(Va¼ 0) are tensile, but vary greatly, with an average value
of 11336 599MPa.11,22–25 For reference, this value is plot-
ted in Fig. 7 at Va¼ 0, corrected to a mean intrinsic stress of
933MPa by assuming a similar level of thermal stress to that
calculated for samples in this work (200MPa).
Assuming isostrain conditions, the total intrinsic stress
in a film containing mixtures of different polytypes is deter-
mined from a summation of the intrinsic stress of each con-
stituent polytype, weighted by its volume fraction
ri ¼ R
n
Vnrn ¼ V3Cr3C þ V6Hr6H þ V4Hr4H; (2)
where Vn and rn are the volume fraction and intrinsic stress,
respectively, of the three potential constituents (3C, 6H, and
4H). As a first order approximation, Va can be used to deter-
mine the polytype content. As stated above, if Va¼ 0.7, the
TABLE I. Experimentally determined values, from 6 samples, for the gas
flow ratio, RT, deposition rate, Rd, total film thickness, d, residual stress, rR,
thermal expansion coefficient, a, thermal stress, rth, intrinsic stress, ri, and
polytype parameter, Va.
RT
Rd
(nm/min)
d
(nm)
rR
(MPa)
a
(x106 K1)
rth
(MPa)
ri
(MPa) Va
0.3 3.4 592 205 4.60 182 23.0 0.62
0.354 3.25 1140 35 4.63 186 151 0.677
0.375 3 522 101 4.63 187 288 0.688
0.401 2.8 428 166 4.68 195 361 0.79
0.444 2.75 440 320 4.67 193 513 0.77
0.464 2.3 628 356 4.65 191 547 0.74
FIG. 6. Variation in rR, ri, and Va as a function of RT.
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film consists solely of 6H-SiC, mixing with 3C-SiC for val-
ues of Va< 0.7, and mixing with 4H-SiC for values of
Va> 0.7. Furthermore, at Va¼ 0 and Va¼ 1, V6H reduces to
zero. From these boundary conditions, we make the assump-
tion that the respective distribution function for Vn with
respect to Va is Gaussian in nature
VnðVaÞ ¼ V0e
ðVaVmÞ2
2s2n
 
; (3)
where Vm defines the maximum value of the distribution
(Vm¼ 0.7 for 6H, 0.0 for 3C, and 1.0 for 4H), sn determines
the distribution width, and the pre-exponential factor, V0, is
a scaling factor. For any given value of Va, the distribution
functions should sum to unity, i.e.,
X
n
VnðVaÞ ¼ 1: (4)
In the absence of an analytical solution for this constraint,
we assume V0¼ 1 for each polytype distribution and esti-
mate sn for each polytype by a least squares fit of Eq. (4).
Furthermore, since 3C is not anticipated for Va> 0.7, and
4H is not anticipated for Va< 0.7, we split the analysis and
assume an asymmetric distribution function for 6H-SiC
about Va¼ 0.7. Below Va¼ 0.7 and summing distribution
functions for 3C and 6H only, the least squares yields
sn¼ 0.288 for both polytypes. Above Va¼ 0.7 and summing
distribution functions for 4H and 6H only yields sn¼ 0.123
for both polytypes. These results satisfy the constraint of
Eq. (4) to within 5% for all Va. In the associated ranges for
Va, these fixed values for V0 and sn are used to model the
intrinsic film stress resultant to polytype mixing.
Substituting Eq. (3) into Eq. (2) yields, for Va< 0.7
riðVaÞ ¼ r3Ce
 ðVaÞ2
2s3C
2
 
þ r6He
 ðVa0:7Þ2
2s6H
2
 
; (5a)
and for Va> 0.7
riðVaÞ ¼ r6He
 ðVa0:7Þ2
2s6H
2
 
þ r4He
 ðVa1Þ2
2s4H
2
 
: (5b)
Least squares fits of Eq. (5) to the intrinsic stress data, each
using two rn parameters, are plotted in Fig. 7 (solid lines).
The non-linear behavior outside the Va range from 0.6 to 0.8
is attributed to an increasing tensile stress component associ-
ated with 3C-SiC below Va¼ 0.6, and an increasing com-
pressive stress component associated with 4H-SiC above
Va¼ 0.8. In accordance with the aforementioned boundary
conditions, ri should approach r3C at Va¼ 0; the value of
r4H should be approached at Va¼ 1.0.
The extracted parameters for the constituent intrinsic
stress components are r3C¼ 0.98GPa, r6H¼0.30GPa,
and r4H¼1.42GPa. The stress difference, Dr, between the
6H and 3C polytypes is, therefore, estimated to be 1.28GPa.
Compressive in-plane stress for out-of-plane oriented
FIG. 7. Dependence of ri on Va. Solid
line represents the Eqs. (5a) and (5b) fits
to the experimental data. The dotted and
dashed lines reflect Cheng’s calculated
values26 for the transverse and longitudi-
nal stress, respectively, for mixed single
crystal SiC polytypes, subject to the
noted constraints.
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6H-SiC(006) implies that the a-axis Si-C bond length is con-
tracted relative to 3C-SiC.
This result is supported by the discussions of Cheng
et al. on the unit cell volume and stress differences in a-
SiC relative to b-SiC.26 For example, from the relaxation
energy necessary to realize the hexagonal polytypes 4H
and 6H from an ideal tetrahedral cubic 3C polytype, they
calculate that the unit cell volume decreases by 0.013%
and 0.010% per Si-C pair for 4H-SiC and 6H-SiC, respec-
tively. They also calculate contraction of the a-axis bond
length to be 0.075% for 4H-SiC and 0.050% for 6H-SiC.
Furthermore, they report significant transverse stress differ-
ences of 0.59 and 0.38GPa in 4H-SiC and 6H-SiC, respec-
tively. All of these calculations are referenced relative to
3C-SiC.
The isostrain model results produced by Eq. (5) gener-
ally reflect the trend of the experimental data, but do not pro-
vide a quantitative result with low residuals. This is
primarily the result of limitations associated with the
assumed polytype distribution functions, and in particular,
the asymmetric distribution assumed for 6H-SiC. We antici-
pate improved quantitative results could be obtained through
the application of more accurate distribution functions. This
would require the determination of Va for films produced
outside the range 0.6–0.8, which was herein not attained due
to limitations in the experimental apparatus.
For comparison, from Cheng’s data,26 the anticipated
longitudinal and transverse intrinsic stress dependence on Va
for mixed SiC polytypes is also plotted in Fig. 7. Following
the arguments used for the experimental data, separate two-
component polytype mixing regimes are assumed, one above
and one below Va¼ 0.7; and the same distribution function
and values for V0 and sn, respectively, are employed. Since
Cheng calculates the stress difference relative to 3C-SiC,
and not absolute values, we arbitrarily set r6H¼0.3GPa to
coincide with the experimental value at Va¼ 0.7, but pre-
serve the relative stress differences.
Cheng’s calculated stress difference is significantly less
than the 1.28GPa inferred from the experimental data in
Fig. 7. Part of this discrepancy may be a manifestation of
c-axis growth deviations from the out-of-plane normal. The
calculated values for the longitudinal stress difference
between 3C-SiC and 4H-SiC or 6H-SiC are higher than the
transverse values: 1.08 and 0.72GPa, respectively.26 Mosaic
spread in the 6H-SiC(006) XRD peak indicates off-axis grain
growth that will contribute a component of the longitudinal
(c-axis) stress to the in-plane residual stress measurement.
For example, in Figure 2(b), the full-width-half-max
(FWHM) of the 6H-SiC(006) peak is 10. Consequently,
the corresponding in-plane stress component from a 10 off-
axis orientation will increase to approximately 0.5GPa, from
the expected value of 0.38GPa.
The Si/C ratio in SiC varies slightly with polytype and
is related to the associated degree of hexagonality.27 The
hexagonality is defined as the ratio of the number of atoms
occupying hexagonal sites to the total number atoms per unit
cell. For 3C-SiC, the hexagonality is zero, for 2H-SiC it is
one, with a value of 1/3 and 1/2 for 6H and 4H-SiC, respec-
tively. The Si/C ratio is 1.046 for 3C-SiC, 1.022 for 6H-SiC,
and 1.001 for 4H-SiC.27 Polytypes with a low degree of hex-
agonality exhibit higher carbon vacancy densities (Nv
C).28,29
Nv
C for 3C-SiC is estimated to be 3.36 1021 cm3, which is
approximately 4.6 times the value for 4H-SiC and 2.1 times
the value for 6H-SiC.27 The stress difference between poly-
types can, therefore, be a manifestation of strain accommo-
dation associated with carbon vacancies.
At the atomic level, Si-C bonds will assume a tensile
state in order to accommodate a carbon vacancy. An increase
in Nv
C will result in increased tensile film stress. 3C-SiC,
with a hexagonality of zero, should exhibit tensile stress rela-
tive to any other polytype. This is consistent the relationship
predicted by Cheng et al.26 and shown in Fig. 7.
Based on the stress difference26 and percent difference in
Nv
C (Ref. 27) for 3C-SiC versus 6H or 4H-SiC, we can estimate
the intrinsic stress associated with carbon vacancies. For 6H-
SiC, the stress difference per unit change in Nv
C (Dri =DNV
C),
relative to 3C-SiC, is approximately 2.2 1019 J (1.37 eV). If
carbon vacancies are solely responsible for the stress differen-
ces in the experimental data of Fig. 7 and we assume the same
value for Dri =DNV
C, then a stress difference of 1.28GPa
between 6H and 3C-SiC would require Nv
C¼ 5.7 1021 cm3
for 3C-SiC (i.e., Va¼ 0). This represents an increase in the C
vacancy density to approximately 6.0 at. % compared to the
single crystal value of 3.5 at. %.27
Another potential contributor to the measured stress dif-
ference may be a grain boundary effect. There are numerous
reports in the literature on the propensity for polycrystalline
films to develop compressive stress relative to monocrystal-
line formations. Though not applied to the silicon carbide
system, models for a manifestation of compressive stress
include: trapping of adatoms,30 surface stress,31 and grain
boundary loading.32 Most of these models have been applied
to metal systems with high mobility adatoms. The observa-
tion of grain boundary related compressive stress is then
associated with stress relaxation upon termination of the dep-
osition flux.
Under the non-equilibrium growth conditions associated
with LPCVD, and particularly for high values of RT, it is
conceivable that excess C adatoms could be either trapped
interstitially or diffuse preferentially to grain boundaries,
resulting in excess compression. Since this is not a high mo-
bility adatom system, stress relaxation after deposition is not
anticipated.
With regard to the interpretation of the XRD data and
the inherent uncertainty for assignment of some of the scat-
tered intensity being due to the presence of 3C-SiC, the com-
bination of the large observed stress difference between
films and its correlation to Va supports the contention that
cubic SiC coexists in varying ratios with hexagonal SiC
within the measured films. This contention is bolstered by
literature reports of a 3C-SiC preference under Si-rich condi-
tions,20 as discussed below.
C. Polytype formation
The unanticipated formation of hexagonally structured
SiC at 950 C compels a discussion on the nature of its mani-
festation. Knippenberg’s polytype diagram for SiC does not
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suggest thermodynamically stable phases of a-SiC at
950 C.33,34 In affirmation, there are no reported instances
of hexagonal SiC being formed below 1100 C; b-SiC,
particularly 3C-SiC(111), is the reported predominant
polytype.12–14,35 Additionally, hexagonal polytype formation
is not generally reported unless the film is deposited on an a-
SiC substrate. Kusumori et al. do report a-SiC formation, on
sapphire, via pulsed-laser deposition at 1100 C; they attrib-
ute a-SiC formation to local heating from the dissipation of
kinetic energy in the ablated flux.36
The question of whether the polytypes of SiC are ther-
modynamic phases or kinetically determined structures has
been debated in the literature.37–40 From total energy calcu-
lations, Limpijumnong et al. have concluded that the energy
differences between the polytypes are so small that a kinetic
manifestation for the structural variation may be plausible.38
Relative to 3C-SiC, the energy difference is less than 3meV/
atom.
In the current work, the question regarding how a-SiC
forms at 950 C is posed. Equation (6) posits the chemical
reaction for the formation of SiC from DCS and DCE.
2SiH2Cl2 þ C2H2Cl2 ! 2SiCþ 6HCl: (6)
Trans-1,2 dichloroethylene has a very low enthalpy of vapori-
zation, DfH ¼(0.56 2.0) kJ/mol.41 This value is much
lower, and more positive, than most of the traditionally
employed C precursors, e.g., CH4 and C3H8, with DfH ¼74
and 104 kJ/mol, respectively. Negative values for the en-
thalpy of formation imply that the molecules form exothermi-
cally. Conversely, when used as a deposition precursor, heat is
required for molecular dissociation. When using a precursor
with a small negative DfH, less heat is required, and it is
more energetically favorable for the reaction to proceed.
This data suggests the possibility that a net exothermic
reaction may provide kinetic impetus to form a-SiC. Equa-
tion (6) has a reaction enthalpy of 0.29 eV per Si-C pair. In
contrast, the reaction enthalpy for SiC from mixtures of DCS
and CH4 or C3H8 is net endothermic at þ1.43 or þ1.02 eV,
respectively, per Si-C pair. By this reasoning, mixtures of
DCS and acetylene (C2H2, DfH ¼ 227 kJ/mol), with a reac-
tion enthalpy of approximately 0.5 eV per Si-C pair, should
also produce a-SiC. However, this chemical system has been
investigated in the temperature range of 800–1000 C by sev-
eral research groups and all reported the formation of 3C-
SiC exclusively.4,9,12,42,43 Furthermore, the deposition of SiC
from silane (SiH4, DfH ¼ 34.1 kJ/mole) and C3H8, with a
large exothermic reaction enthalpy of approximately
2.2 eV per Si-C pair, also does not produce a-SiC even at
elevated temperatures (1200–1385 C);25,44–49 one exception
to this is Zheng, where a transition between 3C-SiC and 6H-
SiC formation is reported on c-plane sapphire as silane
supersaturation conditions are relaxed.50
The chemical kinetics of systems combining chlorosi-
lanes and chlorinated hydrocarbons are very complex, result-
ing in a multitude of potential reaction pathways and
associated intermediate molecular species.51 In the simplest
of terms, the reaction of Eq. (6) represents an efficient
method for producing a relatively large partial pressure of
HCl. HCl is known to etch Si at a very high rate above
900 C, producing SiCl2 gas.
52–54 At 950 C and a partial
pressure of 208 mTorr, the etch rate for Si by HCl vapor is
approximately 30 nm/min.55 The presence of a high HCl par-
tial pressure implies a Si-depleted surface that is weighted
toward C saturation. Also, the lack of H2 as a by-product
may further enhance the C saturation. For example, Wang56
reports the preferential etching of graphite from H2 at ele-
vated temperatures. Regardless of the Si precursor (silane or
DCS), H2 is a by-product when mixed with any of the more
traditional C precursors: methane, acetylene, propane, etc.
All of these systems will produce H2, which may deplete C
from the growth zone. To wit, the use of chlorinated precur-
sors in lieu of hydrides essentially enhances C saturation by
preferentially depleting the growth zone of Si.
For SiC grown by molecular beam epitaxy (MBE), Fissel
demonstrates thermodynamically that the generated polytype
depends on the Gibbs free energy of formation, which is de-
pendent upon the conditions of supersaturation in the growth
zone.20 For conditions of high Si vapor pressure and high
supersaturation, formation of 3C-SiC is favored. For carbon-
rich conditions with low supersaturation, 4H-SiC formation is
favored. 6H-SiC is favored under intermediate conditions:
silicon-rich with low supersaturation.20 For heteropolytypic
epitaxy (i.e., formation of a polytype heterostructure), the va-
cancy model of Lebedev and Davydov suggests that the gen-
erated polytype is determined primarily by the carbon
vacancy concentration in the growth zone, with very little de-
pendence on temperature or growth method.27,40
The accumulated evidence summarized above suggests
that low hexagonality SiC polytypes favor formation under
conditions subject to excess Si in the growth zone. If the Si/
C ratio is high enough, the deficiency of C is conducive to a
high carbon vacancy concentration, which is energetically
favorable to the formation of the cubic polytype. Conversely,
for low Si/C ratio conditions (excess C in the growth zone),
carbon vacancy formation is less probable and hexagonal
polytype formation is favored.
In this work, transition to the hexagonal polytype is
favored with increasing values of RT. This is consistent with
the models, observations, and calculations of Fissel20 and
Lebedev et al.27 Higher values of RT indicate higher C par-
tial pressures in the growth zone. When coupled with Si
depletion, induced by the etching reaction associated with a
high HCl partial pressure, favorable conditions for low C va-
cancy concentrations exist and hexagonal stacking ensues,
thereby explaining the observation of hexagonal polytype
formation at lower than expected temperatures.
IV. SUMMARY
The conclusive observation of highly textured hexagonal
silicon carbide polytypes formed at temperatures as low as
950 C is attributed to the relative abundance of atomic Si and
C in the growth zone. The use of chlorinated hydrocarbons
such as DCE appear to provide the means to minimize Si satu-
ration in the growth zone, in part through preferential Si etch-
ing by the reaction by-product HCl. By shifting the growth
zone toward a condition of C saturation, a mechanism is
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established for decreasing the C vacancy concentration, Nv
C,
which is necessary for the formation of hexagonally stacked
polytypes.
Increased compressive stress in LPCVD SiC, thin films
at 950 C appears to be associated with a transition in poly-
type abundance as the deposition conditions are varied from
Si saturation to C saturation. From detailed XRD pole figure
analysis, a polytype ratio parameter, Va, is introduced and
used as a means to estimate the volume fraction of the gener-
ated polytypes: 3C, 6H, or 4H. A model of the intrinsic stress
dependence on Va is generated. This model provides a rea-
sonable fit to the measured data and furthermore extrapolates
to qualitatively reflect theoretical estimations of the stress dif-
ference between 3C and 6H SiC, where the intrinsic stress of
a given polytype is determined by Nv
C. Differences between
the measured stress difference and expected values are
believed to result primarily from higher Nv
C values in the 3C-
SiC(111) component of the LPCVD films studied. Polytype
mixing as an explanation for the intrinsic stress trend is con-
sistent with the conclusions of the XRD study that hexagonal
polytype generation is favored under C saturation conditions.
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